INTRODUCTION
The authors are to be commended for designing and executing a carefully controlled laboratory study of the effect of hammer shape on SPT energy measurements. The repeatability of the force data presented in the paper indicates that the authors have achieved consistent hammer impact velocities and that factors such as loose rod couplings have been avoided. Further, the writers are not aware of any other studies during which simple, cylindrical hammers and a safety hammer have been dropped on exactly the same anvil and rod string (Fig. 16 ). In this manner, the authors have eliminated all significant variables other than the hammer shape and developed a useful apparatus for laboratory studies of hammer shape effects. The writers disagree, however, with the authors' interpretation of the energy data and their resulting conclusions.
The primary limitation of the study was the authors' use of measurements of force alone to determine the energy in the stress wave generated in the rods following hammer impact. This approach is the "force-squared" (F2) method of energy measurement pioneered by Schmertmann and Palacios (1979) . It formed the basis of ASTM Standard D4633-86 (1986) and the Reference Test Procedure for Energy Measurement of ISSMFE (1988) . The ASTM standard was allowed to lapse in 1998 due to the known theoretical limitations of the F2 method. The correct and currently accepted method of energy measurement is the "force-velocity" (FV) method based on measurements of force and velocity Campanella, 1991, 1993 ; Abou-matar and Goble, 1997). The authors calculated F2 energies using force measurements from a load cell attached to the top of the anvil and from a set of strain gauges bonded to the rods 0.72 m below the top of the anvil (Fig. 16) 
where (E), (A), (c) and (Z) are the Young's Modulus (200 GPa for steel), cross-sectional area, stress wave propagation speed (5,120 m/s for steel) and impedance of the rod through which the stress wave is propagating, respectively. The initial stress wave generated at impact propagates down the rods but portions of this wave are reflected whenever an impedance interface such as a rod coupling, a change in rod type or the sampler-soil interface is encountered. A modified force-velocity proportionality equation applies to the resulting upward propagating stress waves: (14) In the event that both upward and downward propagating stress waves are present at the measurement location, the measured force and velocity will be equal to the sum of the forces and velocities associated with the two waves, respectively, and the net force will not be proportional to the net velocity.
The F2 method is derived by combining Eqs. (12) and (13) as follows:
The primary advantage of the F2 method is that it is not necessary to record the velocity, which is technically challenging relative to recording the force. The main limitation of the method is that it can only be used while Eq. (13) is valid, prior to the arrival of any upward propagating stress waves at the measurement location. Thus the integration must be halted at time (2L' /c), where (L') is the length of rod between the measurement location and the first impedance interface below the measurement location. It is typically assumed that stress wave reflections caused by rod couplings are insignificant and that the large stress wave reflected at the sampler-soil interface is the first to arrive at the measurement location. The F2 method as written in Eq. (15) provides energies that are a function of both the total rod length (L) and the length of rod between the top of the rods and the measurement location (L -L'). The energy that would have been calculated if the force measurements had been made at the top of the rod string and (L) had been greater than 13.7 m (45') in length can be estimated using the (K1) load cell position correction factor and the (K2) rod length correction factor as follows: (16) where (Ei) is the "infinite rod length energy", and values of (K1) and (K2) are tabulated in ASTM D4633-86. The authors used this procedure to calculate (Ei) for the four hammers that they tested.
SUITABILITY OF PUBLISHED (K1) AND (K2) CORRECTION FACTORS
Referring to Eqs. (15) and (16), the term (K1 •K2) is equal to (Ei E). In order to provide a table of (K1) and (K2) values, as in ASTM D4633-86, it is first necessary to select a "typical" force history and, by extension, a "typical" transferred energy history that will adequately represent all hammer and rod combinations for which the corrections will be used. Stress wave theory can be used to predict force and transferred energy histories for any combination of hammer and rods but, because only one history can be selected, the resulting corrections will contain some degree of error for all hammer and rod systems other than the prototype system. In this section, the source of the corrections provided in ASTM D4633-86 is investigated and the likely applicability of those corrections to the authors' data is assessed. Clayton (1990) presented a similar review of the origin of the correction factors.
The authors presented idealized force histories for simple cylindrical hammers striking a uniform rod string in Figs. 13, 14 and 15 of the paper. The shapes of these "step -down" force histories are derived from basic stress wave principles and, for a given hammer mass (M), are a function of the rod area and the hammer-rod impedance ratio. For a very short hammer with large cross-sectional area striking a uniform rod the force history can be written as: (17) where (40d) is the impedance of the rod and ( V0) is the hammer impact velocity (Fairhurst, 1961) .
Equation (17) is plotted in Fig. 17(a) for the case of a 63.5 kg SPT hammer moving at the theoretical maximum SPT impact velocity of 3.87 m/s and striking two commonly used types of rod, "NW" and "AW" , as well as the " A" rods used by the authors. Nominal dimensions of these rod types are provided in Table 4 . The initial peak force and the subsequent rate of decrease of the force are seen to be directly proportional to the rod area.
F2 energy histories calculated from the force data in Fig. 17(a) are shown in Fig. 17(b) . Because the hypothetical rods under consideration are semi-infinite and uniform, the F2 energy is equal to the true transferred energy (i.e., the FV energy). The appropriate values of (K1) and (K2) can be calculated for each rod type, all rod lengths and all measurement locations from the curves in Fig. 17(b) . As noted earlier, the objective of the ASTM (K1) and (K2) corrections is to increase the F2 energy K2) is then equal to the ratio of the energy at 5.352 ms to that at (2L c) . For example, for energy measurements taken at the top of a hypothetical 4.0 m long "NW" rod string, the energy at time (2L1c=2L' lc= 1.563 ms) from Fig. 17(b) would be 83.6%, while that at 5.352 ms would be 99.8%. The applicable value of (K2) would then be calculated as (99.8/83.6% = 1.19). (K2) values calculated in this manner for each rod type are shown in Fig. 17(c) . Next, assume that the force was measured 1.0 m below the top of the same "NW" rod string so that (L' = 3 m) and (2L' /c =1.172 ms). From Fig. 17(b) , the energy at 1.172 ms would be 74.2% and hence the (KO value would be calculated as (83.6/74.2% = 1.13). The (K2) value remains unchanged at 1.19 because the total rod length (L) has not changed and so the net correction would be (Ki•K2 = 1.13 . 1.19 = 1.34).
The (K2) values provided in ASTM D4633-86 are also plotted in Fig. 17(c) . These values clearly follow the same trend and are similar in magnitude to the theoretical values for the "A W" rods. This indicates that a force history very similar to that predicted using Eq. (17) for "A W" rods was used to derive the ASTM (K 2) values, and presumably the ASTM (K1) values as well. Thus the ASTM corrections are slightly lower than those theoretically required for "A" rods, as summarized in Table 5 for the 3.12 m rod string used by the authors. As shown in Fig. 17(c) and Table 5 , the required correction factors become quite large for short rod strings. Use of these large corrections represents a significant extrapolation of the measured energies and introduces an undesirable element of uncertainty that could be avoided by using the FV method, for which no such corrections are required.
The average force histories from Fig. 11 in the paper are compared to the theoretical curves from Fig. 17 for "A W" and "A" rods in Fig . 18 . The force data from the strain gauges on the rods are in reasonable agreement with the theoretical curves and thus the ASTM (K1) and (K2) values would likely be close enough to the correct values for use in industry, provided the uncertainty of the resulting stress wave energies was acknowledged.
In contrast, the force histories recorded with the load cell above the anvil only follow the theoretical curves in a rough sense, suggesting that the error associated with using the ASTM (K2) value is likely significant. In fact, the deviation of the load cell data from the theoretical curves is a symptom of a serious violation of the forcevelocity proportionality assumption required for use of the F2 method. This issue is investigated in detail in the following section.
RELIABILITY OF F2 ENERGIES MEASURED ABOVE ANVIL
The authors used a Laplace Transform approach to develop an equation for predicting the force at any point on the rods given the force history at the top of the rods (Eq. (8) in the paper). The boundary condition for the top of the rods (Eq. (7) in the paper) includes a time varying inertial force due to acceleration of the anvil mass. The inclusion of this inertial force is significant because it indicates that the measurements from the load cell above the anvil could not be satisfactorily related to those of the strain-gauged rod without accounting for the presence of the anvil, and thus that the anvil has a significant effect on the stress wave behaviour in the rods. The analysis below demonstrates that the F2 energies calculated using the data from the load cell above the anvil likely contain significant errors due to this effect. The writers used FVCALC, a computer program that simulates one-dimensional stress wave propagation (Daniel et al., 2003) , to simulate impacts of the four hammers used during the study. Simulations were run both with and without the anvil and with and without an element to represent the load cell above the anvil. Rod couplings were not modeled in order to ease interpretation of the simulation results. Figure 19 (a) presents the simulation results for the case of Hammer "B" striking a uniform 3.0 m long "A" rod with no anvil. The force is exactly equal to the velocity multiplied by the rod impedance (Zrod ), as per Eq. (13), until time (2L /c) when the stress wave reflected from the bottom of the rod arrives at the measurement location. In this case, both the FV and the F2 methods would return the correct energy up to (2L/c). The shape of the FVCALC prediction in Fig. 19(a) is similar to the ideal exponential decay curves shown in Fig. 18(a) rod. The predictions shown are for the top of the anvil, at the location of the load cell. The inclusion of the anvil causes large oscillations in the simulated force time history (Fig. 19(b) ) that are similar to those observed in the measured data. In Fig. 19(c) , the predicted velocity is compared to the predicted force divided by the impedances of the anvil (Zanvil) and of the rod (Zrod).Recall that the F2 method will only return the correct energy if the velocity is equal to the force divided by the impedance. Figure 19(c) demonstrates that the velocity is equal to the force divided by (Zanvil) for the initial 0.05 ms only, the time required for the first reflection to return from the anvil-rod interface. The F2 energy will be in error from then on, regardless of which impedance is used.
The FVCALC simulation results for the model including the anvil and the load cell are compared to the measured data for Hammer "B" in Fig. 20 . The predicted force history for the location of the strain-gauged rod is in excellent agreement with the data measured at that location. The prediction for the load cell above the anvil is similar to the measured data but some features exhibit differences, such as the peak force and the timing of some subsequent force peaks. These features were quite sensitive to minor variations of model details such as the 
length and area of the element used to represent the load cell. In contrast, the predictions for the strain-gauge location were relatively stable. The simulation results shown are the best match that could be obtained for the load cell above the anvil without adding unwanted complicating factors to the simple, four element model. Despite the differences between the measured and predicted force for the load cell location, the energies calculated from the simulated data still provide insight into the probable reliability of the energies measured at that location during the study, as the dominant factors controlling the shape of the measured data have clearly been accounted for. As for the simulation results shown in Fig. 19(c) , the predicted force and velocity (latter not shown) for this rod configuration lose proportionality almost immediately after impact. Figure 20 (c) compares the simulated F2 energies to the true energy transferred during the simulation (i.e., the FV energy) for the load cell on top of the anvil. Use of the impedance of the drill rod (Zrod) to calculate the F2 energy produces a value that is (89/58% = 1.53) times the actual energy, while using the impedance of the anvil (Zanvil) produces an F2 energy that is (12/58% = 0.21) times the actual energy. There is, of course, some value of (Z) that would return the "correct" energy but , as shown in Fig. 19(c) , use of such a value would be an empirical correction that would have no basis in stress wave theory. Because the relationship between the F2 energy and the true FV energy will vary with rod geometry, there is no reliable method of predicting the magnitude of such a correction without prior knowledge of the true transferred energy. The analysis above demonstrates that the excellent agreement between the F2 energies published by the authors for the locations above the anvil and on the rods was merely a coincidence. It should be noted that, in addition to the F2 energy errors described above, both F2 and FV energies recorded at the plane of impact would likely contain errors due to three-dimensional wave propagation effects which are not accounted for in Eqs. (12), (15) or (16). Indeed, most practitioners recommend measuring stress wave energies several rod diameters away from any impedance interfaces, particularly the plane of impact, for this reason.
SUMMARY AND CONCLUSIONS
The laboratory study of the effect of SPT hammer shape on transferred energy described by the authors was flawed by their use of the F2 method. Even under very nearly optimal test conditions such as those described in the paper, energies calculated using the F2 method will contain errors related to the use of rod length corrections that could be avoided by using the FV method. More importantly, the F2 method should never be used when force data are measured directly above a major impedance interface, particularly when the change of impedance is permanent, such as a change of rod type, as opposed to temporary, such as a rod coupling. In that case, it becomes impossible to estimate the velocity from the measured force data.
The computer simulation results presented by the writers confirmed the anticipated inaccuracy of the F2 energies measured above the anvil and demonstrated the well-known sensitivity of F2 energies to the selected value of rod impedance.
The writers consider that any published F2 (or FV) energy values should be accompanied with a full listing of the parameters used and any unique procedures followed to calculate those values. For this reason, the writers request a more complete account of the energy calculation procedure used by the authors, including a listing of the values of Young's Modulus (E), cross-sectional area (A) and stress wave propagation velocity (c) used for the calculations, so that readers may independently gauge the reliability of the published energies. 
